Rates of colorectal cancer are lowest in populations whose The modulating effects of dietary feeding of two flavonoids, diets typically are rich in vegetables and fruits (3) . In studies diosmin and hesperidin, both alone and in combination, of individual subjects, high levels of consumption of vegetables during the initiation and post-initiation phases on colon and fruits are consistently associated with low risk of colorectal carcinogenesis initiated with azoxymethane (AOM), were cancer (7-10). Possible explanations for these findings are that investigated in male F344 rats. Animals were initiated with people who eat more vegetables and fruits avoid possible AOM by weekly s.c. injections of 15 mg/kg body wt for 3 carcinogens in meats and fats (11), and that vegetables and weeks to induced colon neoplasms. Rats were fed the diets fruits contain anticarcinogens, that block the development of containing diosmin (1000 ppm), hesperidin (1000 ppm) or colorectal neoplasms. Many compounds in vegetables and diosmin (900 ppm) ϩ hesperidin (100 ppm) for 5 weeks fruits prevent cancer in experiments with animals (12).
(initiation treatment) or 28 weeks (post-initiation treat-
The constituents of foods that have been shown to block ment). The others contained the groups of rats treated with colon carcinogenesis to some extent in various animal models diosmin, hesperidin alone or in combination, and untreated.
includes calcium, selenium, β-carotene, n-3 fatty acids and At the end of the study (32 weeks), the incidence and certain xanthophylls (13-15). Nonetheless, most of the indimultiplicity of neoplasms (adenoma and adenocarcinoma) vidual constituents of food have not yet been evaluated for in the large intestine of rats initiated with AOM together their role in carcinogenesis, although experimental studies with, or followed by, a diet containing diosmin or hesperidin indicated the presence of colon cancer-protective agents in were significantly smaller than those of rats given AOM fruits and vegetables [see (16) for review]. Prominent on this alone (P Ͻ0.001). The combination regimen during the list are flavonoids. In our laboratory, possible chemopreventive initiation and post-initiation stages also inhibited the develagents have been found in edible plants, including fruits and opment of colonic neoplasms, but the tumor data did not vegetables, against colon carcinogenesis (17). These results in indicate any beneficial effect of diosmin and hesperidin a long-term in vivo assay were based on a pilot study using administered together as compared with when these agents aberrant crypt foci (ACF*) as a biomarker (17). ACF that is were given individually. In addition, feeding of diosmin present in colons of rodents that have been treated with and hesperidin, both alone and in combination, significantly carcinogens and in colons of humans with a high risk for inhibited the development of aberrant crypt foci. As for colon cancer, are possible precursor lesions for colon cancer cell proliferation biomarkers, dietary exposure of diosmin (18) (19) (20) and are useful biomarkers for detecting modulatory and hesperidin significantly decreased the 5Ј-bromodeoxyeffects of xenobiotics on colon carcinogenesis (21,22). Again, uridine-labeling index and argyrophilic nuclear organizer a high consumption of fruit and green and yellow vegetable region's number in crypt cells, colonic mucosal ornithine has consistently been found to be associated with a low decarboxylase activity, and polyamine levels in the blood.
incidence of many types of cancer, since Hirayama drew These results indicate that diosmin and hesperidin, both attention to the relationship in his cohort study of 270 000 alone and in combination, act as a chemopreventive agent Japanese in 1979 (23). Thus, non-nutritive constituents such against colon carcinogenesis, and such effects may be partly as flavonoids in fruits and vegetables may contribute to reduced due to suppression of cell proliferation in the colonic crypts, risk of cancer occurrence. Recent studies in our laboratory although precise mechanisms should be clarified.
suggested that two flavonoids diosmin (3Ј,5,7-trihydroxy-4Ј-methoxyflavone 7-rutinoside, see Figure 1 ) and hesperidin (3Ј,5,7-trihydroxyflavanone 7-rhamnoglucoside, see Figure 1 ) Introduction exerted effective cancer protective action on oral and esoColon cancer is the third most malignant neoplasm in the phageal carcinogenesis in rats (24-26). Diosmin and hesperidin world (1) . It is the second leading cause of cancer deaths in are present in citrus fruits: 0.036 mg diosmin and 34.707 mg hesperidin/g fresh mass of unshu (Citrus unshu Marc.) (27) .
Experimental procedure Pilot study. In the pilot study, 48 rats were divided into eight groups (six rats/ group) as shown in Figure 2A . Groups 1 through 4 received three weekly s.c. injections of AOM at a dose of 15 mg/kg body wt. Rats in groups 1 were fed the basal diet alone and those in groups 2-4 were fed the diets that contained 1000 ppm diosmin, 1000 ppm hesperidin, and 900 ppm diosmin ϩ 100 ppm hesperidin, respectively, for 5 weeks, starting at 1 week before the first dosing of AOM. Groups 5 though to 7 were given the experimental diets alone. Group 8 was an untreated control. At week 5, all animals were killed and colons were opened. Three colons from each group were fixed in 10% buffered formalin, and the number of ACF in each colon was determined after staining with a 0.2% methylene blue solution. The number of AgNORs was also recorded in these colons after they were stained with the one-step AgNORs staining. The remaining colons were used to measure ODC activity and polyamine levels in the colonic mucosa.
Long-term assay. In the long-term assay, a total of 162 rats were randomly divided into 11 groups. Groups 1 (17 rats), 2 (19 rats), 3 (19 rats), 4 (16 rats), 5 (20 rats), 6 (20 rats), and 7 (20 rats) received three weekly s.c. injections of AOM. Rats in groups 2, 3, and 4 were fed diets that contained 1000 ppm. diosmin, 1000 ppm hesperidin, and 900 ppm diosmin ϩ 100 ppm hesperidin Fig. 1 . Chemical structures of diosmin (a) and hesperidin (b).
for 4 weeks, respectively, starting at 1 week before the first injection of AOM. Animals in groups 5, 6, and 7 were fed the diets mixed with 1000 ppm diosmin, 1000 ppm hesperidin, and 900 ppm diosmin ϩ 100 ppm hesperidin for 28 weeks, respectively, starting at 1 week after the last exposure of inhibition of prostaglandin synthesis (28) (29) (30) (31) (32) (33) (34) (35) (36) . Since alteration AOM. Groups 8 (8 rats), 9 (7 rats), and 10 (8 rats) did not receive AOM and of prostaglandins biosynthesis could modulate colon carcinowere fed the diets mixed with 1000 ppm diosmin, 1000 ppm hesperidin, and genesis in both human and rodents (37, 38) , it is possible that 900 ppm diosmin ϩ 100 ppm hesperidin, respectively, during the experiment these natural flavonoids might affect colon tumorigenesis.
(32 weeks). Group 11 (eight rats) served as an untreated control. The
In the present study, potential chemopreventive effects of experimental diets and test compounds were freshly prepared weekly and stored in a dark, cold room (Ͻ4°C) until use. All rats were carefully observed diosmin and hesperidin, both alone and in combination, on daily and weighed weekly until they reached 14 weeks of age, and then at colon carcinogenesis initiated with azoxymethane (AOM), every 4 weeks. The consumption of experimental diets was also recorded to were investigated in male F344 rats by determining the estimate intake of chemicals. The experiment was terminated after 32 weeks incidences of colonic neoplasms and ACF. Also, the effects and all rats were killed by an ether overdose to assess the incidences of preneoplastic and neoplastic lesions in all organs, including the large bowel.
of dietary diosmin and hesperidin on the cell proliferation For measurement of BrdU-incorporated nuclei, the animals (five rats each activity of colonic mucosal epithelium was assessed by from groups 1-7, four rats each in groups 8, 10, and 11, and three rats from measuring the 5-bromodeoxyuridine (BrdU)-labeling index and group 9) were given an i.p. injection of 50 mg/kg body wt BrdU (Sigma silver-stained nucleolar organizer regions' protein (AgNORs)
Chemical Co.) 1 h prior to being killed. At autopsy, all organs, especially the score, on colonic mucosal ornithine decarboxylase (ODC) intestine, were carefully inspected grossly, and all abnormal lesions were examined histologically. Colons of five rats each from groups 1-7 and those activity and on blood polyamine levels.
of four rats from groups 8-11 were used for measurement of ODC activity. Colons of the remaining rats were processed for histopathological examination by conventional methods by fixing in 10% buffered formalin and staining
Materials and methods
with hematoxylin and eosin. All other tissues were fixed in 10% buffered Two experiments were conducted to investigate the modifying effects of formalin and histological diagnosis was made. Intestinal neoplasms and renal diosmin and hesperidin on colon tumorigenesis. In the pilot study, diosmin tumors were diagnosed according to the criteria described by Ward (39) and and hesperidin, both alone and in combination, were fed to rats in order to by Hard and Butler (40) , respectively. determine whether these compounds could modulate the occurrence of ACF Determination of ACF induced by AOM. The long-term bioassay was then performed to confirm
The colons of all rats in the pilot study and those of five to 50 rats from the and evaluate the chemopreventive effects of diosmin and hesperidin on AOMgroups of the long-term experiment were used for scoring of ACF. At autopsy, induced large bowel carcinogenesis.
the colons were flushed with saline, excised, longitudinally cut open along Animals and diet the main axis, and then washed with saline. The colons were cut into three Male F344 rats (Shizuoka Laboratory Animal Center, Shizuoka, Japan) that sections (~4 cm each) starting from the anus, and placed between filter papers were 4 weeks old were used in the study. All animals were housed in wire to reduce mucosal folding, fixed in 10% buffered formalin for at least 24 h. cages (three or four rats/cage) with free access to drinking water and basal Fixed colon sections were dipped in a 0.2% solution of methylene blue in diet, CE-2 (CLEA Japan Inc., Tokyo, Japan), under controlled conditions distilled water for 5 min, briefly washed with distilled water, and placed on of humidity (50 Ϯ 10%), lighting (12 h light-dark cycle) and temperature a microscope slide with the mucosal surface up. Using a light microscope at (23 Ϯ 2°C). They were quarantined for 14 days and randomized into a magnification of ϫ40, ACF were distinguished by their increased size, their experimental and control groups of a pilot study ( Figure 2A ) and a long-term more prominent epithelial cells, and their increased pericryptal space from bioassay ( Figure 2B ). Powdered CE-2 diet (345.2 Cal) was used as a basal surrounding normal crypts (14). Crypts overlying lymphoid follicles were diet throughout the study. It contained 45.5% crude carbohydrate, 24.8% excluded from scoring, because normal crypts in this area are sometimes crude protein, 4.6% crude fat, 7.2% ash, 4.2% crude cellulose, 3.9% minerals, confused with ACF. The number of ACF observed per colon, the number of 1% vitamin mixture and 8.8% water but did not contain flavonoids, including aberrant crypts observed in each focus, and the location of each focus were diosmin and hesperidin.
recorded. Also, distribution of ACF in three regions (proximal, middle, and distal colon) was determined. Colons from all groups were scored blindly for Chemicals ACF by the same observer. After scoring, colons were processed for measure-AOM was purchased from Sigma Chemical Co. (St Louis, MO). Diosmin ment of BrdU-labeling index and AgNORs number and for histological (CAS: 520-27-4, Ͼ95% pure) and hesperidin (CAS: 520-26-3, Ͼ97% pure) examination. were purchased from Sigma Chemical Co. and Fluka Chemie AG (CH-9470
BrdU-labeling index Buchs, Switzerland), respectively. AOM (15 mg/kg body wt) was given by s.c. injection between 10.00 a.m. and 11.00 a.m. Diosmin or hesperidin was Immediately after killing, the colons were removed, opened, fixed in 10% buffered formalin, and the distal colons (4 cm from the anal orifice) were cut. mixed in a powdered basal diet, CE-2, at a concentration of 1000 ppm. The combination regimen was made by mixing 900 ppm diosmin and 100 ppm
The distal colons were embedded in paraffin and two serial sections (3 µm in thickness) were made. The one section was used for immunohistochemical hesperidin in the basal diet. These experimental diets were prepared on a weekly basis and stored in a cold room (Ͻ4°C) until use. detection of BrdU incorporation using the standard three-step indirect avidin- biotin-peroxidase method. The other was used for histological examination. levels. The blood polyamine levels were determined by the method described For determination of the labeling index, 15 full-length crypts were observed.
previously (43) . The number and the position of the labeled cells in each crypt column were
Statistical methods recorded. The cell position was determined by dividing the crypt into left and Fisher's exact probability test or unpaired Student's t-test was used for right segments. The first basal cells in each segment was considered 'position statistical analyses. A value of P Ͻ 0.05 was considered significant. l'. The labeling index (number of labeled cellsϫ100/total number of cells counted). The scorer was unaware of the group to which the specimens belonged.
Results

ODC activity
For measurement of ODC activity, the colons were rapidly removed,
The pilot study
slit open longitudinally, freed from all contents, and then rinsed in ice-cold
In the pilot study, body weight gain and liver weight were saline. They were laid flat on a glass plate with the mucosal side up, and the mucosa was scraped with a stainless steel disposable microtome bladed knife, comparable among groups (data not shown). Colonic ACF General observations of the long-term assay adenomas, adenocarcinomas or signet ring-cell carcinomas with a higher incidence of adenocarcinoma. A few rats had Food intake of groups 2-10 did not differ from those of groups renal mesenchymal tumors and/or altered hepatocellular foci 1 (AOM alone) and 11 (untreated control): 15.4-16.3 g/day in groups 1 through to 7, but these lesions were not found in per animal in groups 2-10; 15.6-16.0 g/day per animal in other groups. The incidence and multiplicity of intestinal groups 1 and 11. In this study, dietary administration of the neoplasms are shown in Tables III and IV . The frequentwo test chemicals, both alone and in combination, caused no cies of large intestinal adenocarcinoma in groups 2-7 clinical signs of toxicity, low survival, poor condition or (5-21%) were significantly smaller than that of group 1 histological changes that would suggest toxicity in the liver, (71%, P Ͻ 0.005 or P Ͻ 0.001). The incidences of small kidney and lung.
intestinal tumors in groups 2 and 6 (0%) were significantly Mean body, liver, and percentage liver weights (g/100 g smaller than that of group 1 (29%, P Ͻ 0.05). Significant body weight) in all groups are shown in Table II . The inhibition occurred in the multiplicity of colon cancer (number mean body weights in groups 3-6 were significantly smaller of cancers/rat) in rats fed the test compounds when compared than those of group 1 (P Ͻ 0.05, P Ͻ 0.01 or P Ͻ 0.001).
with group 1 (P Ͻ 0.02 or P Ͻ 0.001). Feeding rats with the Similarly, average body weight in group 10 was significantly test compounds reduced the development of neoplasms in lower than that of group 11 (P Ͻ 0.05). Mean liver weights three regions (proximal, middle and distal colon) (Figure 4 ). in groups 2 and 7 were significantly greater than that of group 1 (P Ͻ 0.05 and P Ͻ 0.01). The decrease in average liver Frequency of ACF weight of group 8 was significant when compared with group
The incidence of ACF are listed in Table V . In the long-term 11 (P Ͻ 0.05). Liver weights (g/100 g body weight) in groups study, ACF developed in rats treated with AOM, with or 2, 3, 5, 6 and 7 were significantly greater than that of group without the test compounds (groups 1-7), while no ACF were 1 (P Ͻ 0.05, P Ͻ 0.01 or P Ͻ 0.001). The mean relative liver present in groups 8-11. The frequencies of ACF per colon, weight in group 8 was significantly decreased when compared the number of ACF per area (cm 2 ), the number of aberrant with group 11 (P Ͻ 0.05).
crypts per colon, and the number of aberrant crypts per focus Incidence, multiplicity and distribution of intestinal neoplasms in groups 2 through to 7 were significantly lower than those Macroscopically, most tumors developed in the large intestine of group 1 (P Ͻ 0.001 or P Ͻ 0.005). (mainly in the middle and distal colon) and some in the small
BrdU-labeling index and AgNORs number intestine of rats in groups 1-7. No neoplasms were found in
The results on BrdU-labeling index and AgNORs number in any organs examined from rats in groups 8-11. Colon tumors were sessile or pedunculated tumors and histologically tubular the colonic mucosal epithelium without lesions are shown in either alone or in combination, significantly reduced the concentrations of total polyamines (diamine ϩ spermidine ϩ spermine) of rats in groups 2-7 (P Ͻ 0.001). These two values in groups 8-11 were almost comparable.
Discussion
The results in the current study clearly indicate that dietary administration of two flavonoids, diosmin and hesperidin, both alone and in combination, during either the initiation or postinitiation phases, significantly inhibited AOM-induced colon carcinogenesis, as revealed by reduction of the incidences of colon tumors. Our data suggest that diosmin and hesperidin are new chemopreventative agents against colon cancer development. The tumor data, however, did not reflect any beneficial effect from diosmin and hesperidin administered together as opposed to when these agents were given individually. Diosmin and hesperidin inhibited ACF development in the pilot study and the subsequent long-term bioassay and revealed inhibition of colon tumor development. ACF has been suggested to be the earliest precursor to lesion-formation in chemically-induced colon cancer (19,44). The short-term ACF assay was used to identify agents that modulate the development of colonic neoplasms (21). However, there is some controversy as to the significance of aberrant crypts in relation to the identification of potential chemopreventative agents (45) . Not all chemopreventative agents are effective in blocking both ACF development and colon carcinogenesis (21,45). There appeared to be discordance between the distribution of ACF and tumor distribution: most ACF were found in the middle colon ( Figure 3B ), but tumors were randomly distributed within the colon ( Figure 4A ). The results described here suggest that two flavonoids inhibit the growth of colonic ACF with more severe dysplastic or atypical hyperplastic epithelium (which may have a true preneoplastic nature) and suppressed progression of these lesions through adenoma to malignant neoplasm. In the current study, the suppression effects on AOM-induced colon carcinogenesis were almost similar when rats were fed the test compounds during the initiation and post-initiation phases. This suggests that both compounds may have blocking and suppressing properties (46) in colon carcinogenesis.
Several mechanisms by which diosmin and hesperidin exert their antitumorigenic effects on experimental colon carcino- several biological functions such as antioxidant properties, anti-inflammatory effects, prostaglandin-synthesis inhibition, anti-mutagenic activity, modulation of drug-metabolizing Figure 5 . BrdU-labeling indices and AgNORs number per enzymes and anti-tumor promoter effects (28) (29) (30) (31) (32) (33) (34) (35) (36) , as do other nucleus of colonic crypt epithelium in rats treated with diosmin, chemo-preventative agents against colon cancer (47) . In the hesperidin, and diosmin ϩ hesperidin during or after AOM present study, dietary diosmin and hesperidin, both alone and injections, were significantly smaller than that of rats exposed in combination, were found to block the induction of ODC in AOM alone (P Ͻ 0.05). Addition of the test chemicals to the the colonic mucosa. ODC, a rate-limiting enzyme in polyamine diet produced a downward shift in the proliferative region of biosynthesis, has been correlated with the rate of cell proliferathe crypt in contrast to the crypt exposed to AOM alone. tion in several tissues (48, 49) . ODC increases in several tissues Colonic mucosal ODC activity and blood polyamine levels after exposure to carcinogens and promoting agents (49, 50) . Thus, one possible mechanism for the decrease in colonic As shown in Figure 6 , the mean ODC concentration and average blood polyamine level in the colon of rats in group 1 tumors might be through their inhibition of ODC, because AOM-treated rodents typically exhibit increased ODC activity were significantly greater than those of the untreated control (group 11) (P Ͻ 0.001). Rats fed the test compounds together in colonic mucosa (51) . Also, these results are paralleled with reduced blood polyamine levels and decreased proliferation with or after AOM injections, had increased protection against an increase in ODC concentrations caused by AOM. The of colonic crypt epithelium. Increased expression of these parameters correlates with a greater risk of developing colon results of blood polyamine indicated that feeding test chemicals, cancer (52) (53) (54) . Our results that evaluate the effects of test treatment with chemical carcinogens (25, 26) . It is suggested that increased cell proliferation plays an important role in compounds on proliferation of colonic epithelium, showed that the test compounds, both alone and in combination, lowered multistage carcinogenesis, including colon tumorigenesis (52) . In the present study, inhibitory effects of diosmin and hesperidin the increased proliferation of the crypts cells caused by AOM treatment. Similar results have been reported for the possible on AOM-induced colon tumorigenesis paralleled the suppression of cell proliferation in colonic crypts. Therefore, it is chemopreventative agents such as α-difluoromethylornithine (55) and other natural substances (17). Diosmin and hesperidin possible that a significant anti-cancer properties of these compounds may be partly due to their antiproliferative effects could lower BrdU-labeling index and/or polyamine levels in other organs such as the oral cavity and esophagus, in conjuncthrough the suppression of ODC activity and polyamine biosynthesis on carcinogen-exposed crypts. In the current tion with a decrease in tumor incidence in these organs after diosmin and hesperidin and the data paralleled those of the observed in recent chemoprevention studies on colon, stomach and oral carcinogenesis (14,57,58). Thus, blood polyamine level as well as tissue polyamine concentration (41,55) may study, blood polyamine level was also determined to examine its possible application as an intermediate biomarker in chemobe one of the intermediate biomarkers.
The induction of tumor promotion in the colon when it is prevention studies. The level of total polyamines (diamine ϩ spermidine ϩ spermine) was reduced by feeding rats with mediated by several colon promoters and carcinogens is 
